Recently, the social and economic cost incurred by the increase in the obese population has risen annually. Annually, approximately 40% of deaths by circulating system disease, including atherosclerosis, cerebro-, cardiovascular complications, hypertension, diabetes, and functional depression of certain organs were caused by obesity \[[@B1]\]. The causes of obesity are complex, with multiple factors, such as interaction among genetic and biological factors (age, gender, ethnicity, hormonal), environmental (diet, exercise, social factors, chemicals, etc.) and behavioral factors acting through the physical activation of energy intake and expenditure \[[@B2], [@B3]\]. In addition to reducing fat intake for prevention of obesity, reduction of carbohydrate intake is very important. Excessive consumption of carbohydrate is a major factor in development of obesity in humans \[[@B4]-[@B6]\]. In general, obese persons tend to have addiction to consumption of carbohydrate rich-foods as meals or snacks \[[@B7]\].

Carbohydrates, which are the major compounds of our daily foods, are hydrolyzed into simple sugars, such as glucoses, and then absorbed through the intestine. Lipogenesis is the energy-storage process by which acetyl-CoA from the Embden-Meyerhof-Parnas pathway of absorbed simple sugars is converted to fat. Lipogenesis occurs as the process of fatty acid synthesis and subsequent triglyceride synthesis to form fats \[[@B8]\]. This process also influences accumulation of fatty acid in adipose tissue \[[@B9]\]. Therefore, carbohydrate is important in control of balance between fat intake and fat oxidation \[[@B10]\].

Some studies on therapeutic approaches to obesity as delay of glucose absorption by carbohydrates \[[@B11]\], and decrease of postprandial hyperglycan, which retards absorption of glucose by inhibition of carbohydrate hydrolyzing enzymes, such as α-amylase or α-glucosidase in digestive organs have been reported \[[@B12]\].

α-Glucosidase (EC3.2.1.20), an enzyme located in the epithelium of the small intestine, plays an important role in control of blood glucose level in the body and it is the key enzyme that catalyzes cleavage of disaccharides and oligosaccharides to glucose \[[@B13]\]. Many papers have reported on commercial α-glucosidase inhibitors such as acarbose \[[@B14]\], and voglibose \[[@B15]\], nojirimycin \[[@B16]\], and 1-deoxynojirimycin \[[@B17]\], and these are currently used in combination with diet or as an antidiabetic \[[@B18]\]. However, side effects of these compounds, such as headaches, insomnia, vomiting, flatulence, and diarrhea, have been reported \[[@B19]\]. Therefore, several studies have been conducted in an effort to search for effective α-glucosidase inhibitors without side effects and for development of a physiologically functional food or lead compound from plant and microorganisms, including *Streptomyces* sp. \[[@B20]\], *Bacillus* sp. \[[@B21]\], *Nelumbo nucifera* \[[@B22]\], *Grateloupia elliptica* \[[@B23]\], *Ganoderma lucidum* \[[@B24]\], and Pine bark \[[@B25]\]. However, study of α-glucosidase inhibitors from microorganisms has been limited. Therefore, development of a potential new high efficacy α-glucosidase inhibitor from microorganisms is necessary.

This study was conducted for screening of α-glucosidase inhibitor-producing fungi from traditional fermented Korean foods for development of a new anti-obesity drug candidate. Optimal conditions for production of α-glucosidase inhibitor from *Aspergillus oryzae* N159-1 were investigated. Subsequent purification and characterization of inhibitor were also performed in this study.

MATERIALS AND METHODS
=====================

Strains, enzymes, and chemicals
-------------------------------

Thirty-four kinds of fungi from traditional fermented Korean foods were obtained from the Korea Food Research Institute, Korea.

α-Glucosidase from baker\'s yeast and p-nitrophenyl-α-D-glucopyranoside (pNPG) and pepsin, trypsin, pancreatin, α-amylase, maltase, trifluoroacetic acid (TFA), and ammonium formate were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Sephadex G-25 was purchased from Pharmacia Fine Chemicals (Uppsala, Sweden) and acetonitrile and water for high performance liquid chromatography (HPLC) were obtained from J. T. Baker (Phillipsburg, NJ, USA). Unless otherwise specified, all chemicals and solvents were of analytical grade.

Screening of fungi and preparation of cell extract
--------------------------------------------------

Fungi from several sources were cultured in potatodextrose broth at 28℃ for two days. The supernatants and cell pellets were separated by filtration for the fungi culture broths using Whatman No. 41 filter papers. In order to select the extracellular α-glucosidase inhibitor-producing fungi, α-glucosidase inhibitory activities were determined using fungi supernatants. Cell extracts were obtained by filtration of crude extracts prepared by sonication using a Whatman No. 41 filter paper and subsequent centrifuge at 15,000 ×g (10 min, 4℃). For selection of the intracellular α-glucosidase inhibitor-producing fungi, α-glucosidase inhibitory activities were determined using cell-free extracts.

Assay of α-glucosidase inhibitory activity
------------------------------------------

α-Glucosidase inhibitory activity was assayed according to the modified chromogenic method reported by Kim et al. \[[@B25]\], using α-glucosidase from baker\'s yeast. For simulation of intestinal fluid, a substrate solution of pNPG was prepared in a 0.1M potassium phosphate buffer and adjusted to pH 6.8. A 50 µL solution (0.2 units/mL, dissolved in potassium phosphate buffer, pH 6.8) of α-glucosidase was preincubated at 37℃ for 5 min with 50 µL of the respective test solution (dissolved in potassium phosphate buffer, pH 6.8, solutions of samples at 20 mg/mL concentrations). In the blank solution, the sample solution was replaced with potassium phosphate buffer. The enzymatic reaction was initiated by addition of 30 µL of pNPG (0.2 mM), and the mixture was incubated for another 20 min at 37℃. The reaction was terminated by addition of 100 µL of sodium carbonate solution (0.1M, pH 9.8).

Inhibition of α-glucosidase was determined by measuring the optical density (OD) of the p-nitrophenol released from pNPG at 405nm using an ELISA reader. The α-glucosidase inhibitory activity was calculated using the following formula:

Purification and characterization of the α-glucosidase inhibitor
----------------------------------------------------------------

Cell-free extract of *Aspergillus oryzae* N159-1 was fractionated stepwise with n-hexane, chloroform, ethyl acetate, butanol, and water and their α-glucosidase inhibitor activities were determined for each fraction. After ultrafiltration of active solvent fractions using the Centriprep YM-50, 30, 3 (Millipore Co., Billerica, MA, USA), we obtained 3 kDa below filtrates as active filtrate.

In order to increase α-glucosidase inhibitory activity, the active filtrate of 3 kDa below was digested with 1% pepsin, trypsin, pancreatin, α-amylase, and maltase at their optimal reaction pH and temperature. Then, the reactions were inactivated by heating in boiling water at 100℃ for 10 min. After removal of precipitate by centrifuge at 10,000 rpm, for 25min at 4℃, the supernatant was filtered and lyophilized. α-Glucosidase inhibitory activity of the re-solubilized solution was determined. The active hydrolyzed fraction was concentrated by lyophilization and then applied to a Sephadex G-25 column (3.0 × 35 cm) equilibrated with distilled water and eluted with distilled water at a flow rate of 1.3mL/min. The active fraction was lyophilized and was applied to a strong cation exchange (SCX) solid-phase extraction column (Hypersep SCX; Thermo Scientific Co., Milford, MA, USA), equilibrated with 10 mM ammonium formate, and eluted with ammonium formate gradients, increasing from 5 mM to 200 mM. The active fraction obtained was then applied to a reverse phase-high performance liquid chromatography (RP-HPLC) (Vydac 218TP54, C~18~ column, 5 µm, 4.6 × 250 mm; Discovery Science Co., Deerfield, IL, USA) equilibrated column with acetonitrile and its absorbance was monitored at 280. A linear gradient was applied with 0.1% TFA in water from 0% to 50% acetonitrile (v/v) with a flow rate of 0.8 mL/min. The active fractions were collected and lyophilized immediately. The active fraction was subjected to size exclusion chromatography with water under isocratic conditions with a flow rate of 1.0 mL/min and the purified α-glucosidase inhibitor was then obtained.

Molecular weight and amino acid sequence determination by mass spectrometry
---------------------------------------------------------------------------

The purified angiotensin-converting enzyme inhibitor was solubilized in disaster water and eluted on a ZORBAX 300SB-C18 column (1 × 150 mm, 3.5 µm; Agilent, Santa Clara, CA, USA) at a flow rate of 35 µL/min. Subsequently, the peptides were eluted from the column by application of a gradient 0\~95% acetonitrile for 45 min at the same flow rate. All mass spectrometry (MS) and tandem mass spectrometry (MS/MS) spectra in the Hybrid Quadrupole-TOF LC-MS/MS Mass Spectrometer (CA 94404; AB Sciex Instruments, Foster City, CA, USA) were obtained in ESI+ MS/MS. For peptide identification, the MS/MS spectra were also performed using a De-novo sequencing program.

Determination of inhibition pattern on α-glucosidase
----------------------------------------------------

α-Glucosidase inhibitor was added to each reaction mixture according to the procedure reported by Bush et al. \[[@B26]\] with some modifications. Enzyme activity was measured using different concentrations of the substrate. The kinetics of α-glucosidase in the presence of the inhibitor was determined by Lineweaver-Burk plots.

Statistical analysis
--------------------

Each experiment was performed at least three times, and all quantitative data were expressed as mean ± SD values.

RESULTS AND DISCUSSION
======================

Screening of the α-glucosidase inhibitor-producing fungi
--------------------------------------------------------

Thirty four kinds of fungi isolated from traditional fermented Korean foods were cultured at 30℃ for two days and their α-glucosidase inhibitory activities were then determined ([Table 1](#T1){ref-type="table"}). Extracellular α-glucosidase inhibitory activities were very weak or even not detected for all 34 different kinds of fungi. α-Glucosidase inhibitory activities were detected when we used cell-free extracts for determination of intracellular inhibitory activity. In particular, cell-free extract prepared from *Aspergillus oryzae* N159-1 showed the highest α-glucosidase inhibitory activity of 48.3%. Therefore, *Aspergillus oryzae* N159-1 was selected for further study of intracellular α-glucosidase inhibitor produced from fungi. The filamentous fungus, especially *Aspergillus oryzae*, has been used in production of traditional fermented food, such as sake, makgeolli (rice wine), miso, meju (soybean paste), and shoyu (soy sauce) \[[@B27]-[@B29]\]. *Aspergillus oryzae* also produces a variety of enzymes, such as amylases and proteases, and acts on the nutrients of soy to break down carbohydrate and protein, forming koji \[[@B30]\]. *A. oryzae* is listed as a GRAS (i.e., generally regarded as safe) strain by the U.S. Food and Drug Administration.

To date, production of intracellular α-glucosidase inhibitor by *Aspergillus oryzae* N159-1 has not been reported. Therefore, α-glucosidase inhibitor purified from *A. oryzae* in this study may be a useful candidate for application to prevention of obesity.

Optimal conditions for production of α-glucosidase inhibitor
------------------------------------------------------------

Culture conditions for production of intracellular α-glucosidase inhibitor from *Aspergillus oryzae* N159-1 were investigated. Optimal medium for maximal production of α-glucosidase inhibitor was obtained in tryptic soy broth medium and its α-glucosidase inhibitory activity was 65.9% (IC~50~, 10.1mg/mL). Intracellular α-glucosidase inhibitory activity of various cultures from yeast extract-malt extract, yeast-peptone-dextrose, and potato-dextrose medium was also high, at 52.1%, 49.1%, and 48.1%, respectively. However, LB and MRS media were not effective for production of α-glucosidase inhibitor from *Aspergillus oryzae* N159-1 (data not shown). The maximal cell growth was reached at seven days of cultivation, whereas maximal production of the α-glucosidase inhibitor was obtained at five days of cultivation ([Fig. 1](#F1){ref-type="fig"}).

Purification of the intracellular α-glucosidase inhibitor from *Aspergillus oryzae* N159-1
------------------------------------------------------------------------------------------

To elucidate characteristics of the α-glucosidase inhibitor of *Aspergillus oryzae* N159-1, the active intracellular α-glucosidase inhibitor from systematic water extracts was purified as described in the Material and Methods section.

The α-glucosidase inhibitory activities of the filtrates ranging from 50 kDa to 3 kDa size cut-off by ultrafiltration were determined. The 3 kDa-below filtrates showed the highest α-glucosidase inhibitory activity of 69.9% (IC~50~, 7.7mg/mL). The 3 kDa-below filtrates were treated with various enzymes, such as pepsin, under optimal reaction conditions and their α-glucosidase inhibitory activity was determined. Treatment with pepsin resulted in increased α-glucosidase inhibitory activity, suggesting that the α-glucosidase inhibitor of *Aspergillus oryzae* N159-1 is a peptide compound. After Sephadex G-25 column chromatography of the active pepsin hydrolysates, an active fraction (F-2) with α-glucosidase inhibitory activity of IC~50~ 4.7 mg/mL was obtained. The active fraction (F-2) was then applied to SCX solid-phase extraction chromatography and eluted by 10\~200 mM ammonium formate gradient. The active fraction (F-2-3) eluted from the 50 mM ammonium formate concentration was recovered with inhibitory activity of 4.0mg/mL of IC~50~. When the active fraction was applied to RP-HPLC using a Vydac protein/peptide reverse-phase 218T P54 column, peaks were separated into two active fractions, F-2-3-1 and F-2-3-2. The F-2-3-2 fraction showed higher α-glucosidase inhibitory activity (IC~50~, 3.2mg/mL) than the F-2-3-1 fraction. The active fraction (F-2-3-2) was subjected to size-exclusion chromatography. Finally, one peak was eluted showing α-glucosidase inhibitory activity of 3.1mg/mL of IC~50~ obtained with 1.9% of solid yield ([Table 2](#T2){ref-type="table"}, [Fig. 2](#F2){ref-type="fig"}).

Several α-glucosidase inhibitors from plants and microbes, such as *Grateloupia elliptica* \[[@B23]\], *Nelumbo nucifera* \[[@B22]\], Pine bark \[[@B25]\] and *Streptomyces* sp. \[[@B20]\], *Bacillus* sp. \[[@B21]\], and *Ganoderma lucidum* \[[@B24]\] have been reported. However, in this study, the purified α-glucosidase inhibitor showed superior inhibitory activity, compared with these plants or microbes.

Molecular weight and amino acid sequence of the purified α-glucosidase inhibitor
--------------------------------------------------------------------------------

Analysis of the purified α-glucosidase inhibitor was performed using a Hybrid Quadrupole-TOF LC-MS/MS Mass Spectrophotometer and two types of peptides, which had sequences with Cys-Leu and Pro-Phe-Pro and nine sugars were obtained ([Fig. 3](#F3){ref-type="fig"}). Among them, two peptides, P-1 (Cys-Leu) and P-2 (Pro-Phe-Pro), were chemically synthesized and their inhibitory activities were determined. The P-2 peptide showed superior inhibitory activity of IC~50~ value of 3.1 mg/mL to that of P-1 peptide (IC~50~, 12.1 mg/mL). The molecular weight of the purified α-glucosidase inhibitor, P-2 peptide, was estimated as 360.1 Da ([Fig. 3](#F3){ref-type="fig"}).

Inhibition pattern on chemical substrate, pNPG
----------------------------------------------

The inhibitory pattern of the purified α-glucosidase inhibitor against chemical substrate, pNPG, was investigated according to Bush et al. \[[@B26]\] with some modifications and determined using a Lineweaver-Burk plot ([Fig. 4](#F4){ref-type="fig"}). The purified α-glucosidase inhibitor showed a mixed inhibitory pattern to pNPG. The same result was reported by Kim et al. \[[@B23]\] against 2,4,6-tribromophenol and 2,4-dibromophenol.

![Effect of cultural periods on production of α-glucosidase inhibitor from *Aspergillus oryzae* N159-1. ▪, cell weight; ○, α-glucosidase inhibitory activities of cell-free extracts; •, α-glucosidase inhibitory activities of culture supernatants.](mb-41-149-g001){#F1}

![Size exclusion chromatogram of the active fraction from reverse phase-high performance liquid chromatography.](mb-41-149-g002){#F2}

![Molecular mass and amino acid sequences of the purified α-glucosidase inhibitor peptides using liquid chromatography-tandem mass spectrometry (LC-MS/MS). A, Cys-Leu; B, Pro-Phe-Pro.](mb-41-149-g003){#F3}

![Lineweaver-Burk plot of α-glucosidase inhibition of purified α-glucosidase inhibitor from *Aspergillus oryzae* N159-1 at different concentrations of pNPG. ▪, 1.0 mg of inhibitor; ▴, 0.5 mg of inhibitor; •, control.](mb-41-149-g004){#F4}
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α-Glucosidase inhibitory activities of various fungi from fermented Korean foods
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n.d, not detected.

###### 

Summary of the purification of α-glucosidase inhibitor from *Aspergillus oryzae* N159-1
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SCX, strong cation exchange; RP-HPLC, reverse phase-high performance liquid chromatography.
